2 Rice blast is a pervasive and devastating disease that threatens rice production across the 25 world. In spite of its importance to global food security, however, the underlying biology of plant 26 infection by the blast fungus Magnaporthe oryzae remains poorly understood. In particular, it is 27 unclear how the fungus elaborates a specialised infection cell, the appressorium, in response 28 to surface signals from the rice leaf. Here, we report the identification of a network of temporally 29 co-regulated transcription factors that act downstream of the Pmk1 mitogen-activated protein 30 kinase pathway to regulate gene expression during appressorium-mediated plant infection. We 31 have functionally characterised this network of transcription factors and demonstrated the 32 operation of a hierarchical transcriptional control system. We show that this tiered regulatory 33 mechanism involves Pmk1-dependent phosphorylation of the Hox7 homeobox transcription 34 factor, which represses hyphal-associated gene expression and simultaneously induces major 35 physiological changes required for appressorium development, including cell cycle arrest, 36 autophagic cell death, turgor generation and melanin biosynthesis. Mst12 then regulates gene 37 functions involved in septin-dependent cytoskeletal re-organisation, polarised exocytosis and 38 effector gene expression necessary for plant tissue invasion.
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capping protein, Fes/CIP4, and EFC/F-BAR domain proteins ( Supplementary Fig. 6 ). Differential 145 expression of septins and their associated regulators was also observed ( Supplementary Fig 5 b, c, d ), 146 consistent with the requirement for septin-dependent, F-actin re-modelling in appressorium function 9, 10 .
147
We conclude that Pmk1 acts as a global regulator of gene expression in M. oryzae in response 148 to surface hydrophobicity, with more than 90% of HP-responsive genes requiring Pmk1. However, the 149 role of the MAPK also extends to appressorium maturation, following initial development of the infection 150 cell.
151
Defining the role of the Pmk1-dependent transcriptional regulator Mst12 in control of 152 appressorium gene expression. Having revealed that Pmk1 is required for expression of more than 153 6000 genes during appressorium development, we decided to investigate the role of known downstream 154 regulators, with the aim of establishing a hierarchy of genetic control during plant infection by M. oryzae.
155
Previously, the Ste12-like-zinc finger transcription factor, Mst12 was identified as being regulated by 156 Pmk1 17 . ∆mst12 mutants still form appressoria, but are unable to cause plant infection 17 , as shown in Supplementary Fig. 5a . To further define the likely function of Mst12, we carried out live 158 cell imaging of appressoria of a ∆mst12 mutant and found the mutant impaired in its ability to undergo 159 septin-dependent, F-actin re-modelling at the appressorium pore ( Fig. 3c ), required for plant infection 160 10 . We observed disorganisation of the microtubule network in the appressorium in the ∆mst12 mutant 161 ( Fig. 3c ) and, consistent with impairment in septin organisation, mis-localisation of the PAK-related 162 kinase, Chm1, the Ezrin/ Radixin/Moesin, Tea1, the Bim-amphiphysin-Rvs (BAR) domain-containing 163 protein, Rvs167, and the Staurosporine and Temperature sensitive-4, Stt4 lipid kinase ( Fig. 3d) 9, 10 . We 164 conclude that Mst12 is necessary for septin-dependent re-polarisation of the appressorium.
165
As a consequence of the clear role for Mst12 in regulating the latter stages of appressorium 166 maturation, we performed RNA-seq analysis during a time course of appressorium development by the 167 Δmst12 mutant and then compared its global pattern of gene expression to those genes regulated by 168 . In this way, we reasoned that we would be able to define both early-169 acting Pmk1-dependent genes and a later group of gene functions requiring both Pmk1 and Mst12. We 170 identified 2512 differentially expressed genes in the Δmst12 mutant with significant changes in gene 171 expression occurring during conidial germination and particularly after 8h, during the onset of 172 appressorium maturation ( Fig. 3e ). When this Mst12-regulated gene set was compared to the wider 173 Pmk1-requiring gene set, we identified 4052 genes that are Pmk1-dependent, but Mst12-independent, 174 associated with initial stages of appressorium development, while 2281 maturation-associated genes 175 are regulated by both Pmk1 and Mst12 (Fig. 3f ). Only 231 Mst12-dependent genes were independent 176 of Pmk1 control (Fig. 3f) . A clear example of a Pmk1-dependent, Mst12-independent gene family were 177 the melanin biosynthetic genes, required for appressorium function 21 , which showed maximum gene 178 expression at 6h in Guy11, were not expressed at all in Δpmk1 mutants, but were expressed in Δmst12 179 mutants at 8h, when appressoria form in the mutant ( Supplementary Fig. 7 ).
180
To investigate genes associated with appressorium maturation, we identified gene functions 181 regulated by both Pmk1 and Mst12, from among the 2281 differentially expressed genes. The cutinase 182 gene family, previously implicated in appressorium morphogenesis and plant infection 22 , for example, 183 was dependent on both Pmk1 and Mst12 and a family of fasciclins-membrane-associated 6 glycoproteins involved in cell adhesion 23,24 -were also regulated by both Pmk1 and Mst12 185 ( Supplementary Fig. 8 ). A total of 436 genes encoding putatively secreted proteins were also part of 186 the Pmk1-Mst12-dependent group, including 7 known effector genes ( Supplementary Fig. 9 ). Two of 187 these effectors, Bas2 and Bas3, have been reported to be Pmk1-dependent during invasive growth of 188 the fungus in rice tissue 11 . To provide direct evidence of Pmk1-dependent regulation of effector gene 189 expression, we expressed Bas2p:GFP in a pmk1 as mutant ( Supplementary Fig. 9e ). This mutant allows 190 conditional inactivation of the Pmk1 MAPK in the presence of the ATP analogue drug Na-PP1 11 . When
191
Na-PP1 was applied to the pmk1 as mutant expressing Bas2pGFP, we observed loss of Bas2-GFP 192 fluorescence, suggesting that activity of Pmk1 is necessary for expression of the effector during 193 appressorium maturation, prior to plant infection.
194
Given the significant effect of Mst12 on expression of secreted proteins, such as effectors, we 195 reasoned that the Δmst12 mutant might be impaired in secretory functions. Septin recruitment to the 196 base of the appressorium is, for example, necessary for organisation of the octameric exocyst complex, 197 required for polarised exocytosis 25 , so we expressed a GFP fusion protein of the exocyst component 198 Sec6 in both ∆mst12 and Guy11 ( Supplementary Fig. 8 ). In wild type appressoria, Sec6-GFP formed a 199 ring structure, while in ∆mst12 mutants it was completely absent ( Supplementary Fig. 8 ). We also 200 localised the Flp2 fasciclin in Guy11 and the ∆mst12 mutant. Flp2-GFP localises to the plasma 201 membrane during appressorium development at 8h and by 24h to the base of the appressorium in a 202 Mst12-dependent manner ( Supplementary Fig. 8 ). We conclude that Pmk1 and Mst12 are both 203 necessary for expression of a large set of genes associated with appressorium maturation, including 204 genes associated with polarised exocytosis and effector genes which serve roles in plant tissue 205 invasion.
207
Identifying the hierarchy of transcriptional regulation required for appressorium development 208 by M. oryzae. Our results suggested that Pmk1 acts as a global regulator of appressorium 209 morphogenesis, while Mst12 regulates a specific sub-set of genes associated with cytoskeletal 210 reorganisation, re-polarisation and effector secretion. This strongly suggested that other transcription 211 factors must act downstream of Pmk1. We therefore determined the total number of putative 212 transcription factor-encoding genes differentially regulated at least 2-fold (padj <0.01, mod_lfc >1 or 213 mod_lfc <-1) in at least two time points in Δpmk1 and/or Δmst12 mutants, compared to Guy11. We 214 found 140 such transcription factor genes, of which 95 were associated with appressorium 215 morphogenesis and dependent on Pmk1, and 45 associated with appressorium maturation and 216 dependent on both Pmk1 and Mst12 (Fig. 4a ). We plotted heatmaps for each gene set (Fig. 4b, 4c and 217 4d) which enabled us to identify a specific clade of transcription factor-encoding genes severely down-218 regulated in the Δpmk1 mutant, which we called Clade 4 ( 
223
RPP2 (MGG_09276) and RPP3 (MGG_07218). We also found two Zn2Cys6 and fungal specific domain 7 transcription factor-encoding genes that we called RPP4 (MGG_07368) and RPP5 (MGG_8917), as 225 well as the PIG1 transcription factor-encoding gene (MGG_07215), previously identified as a regulator 226 of melanin biosynthesis in M. oryzae 27 . ALCR (MGG_02129), a homologue of AlcR from Aspergillus 227 nidulans responsible for activation of the ethanol-utilization pathway through activation of AlcA and AldA 228 28 and a homeobox domain transcription factor-encoding gene HOX7 (MGG_12865), previously shown 229 to be involved in appressorium formation and pathogenicity 29 , were also part of Clade 4. These 230 transcription factor genes all showed strong down-regulation in a Δpmk1 mutant from 4h onwards ( Fig.   231 4e), the time when appressoria first develop, and were altered in expression in the Δmst12 mutant at 232 later time points, consistent with the delay in appressorium formation observed in the mutant (Fig. 4f ).
233
To test whether these clade 4-associated transcription factor-encoding genes play important 234 roles in appressorium development and plant infection we carried out targeted gene deletions to 235 generate isogenic ΔaclR, Δrpp1, Δrpp2, Δrpp4, Δrpp5, Δrpp3, Δrpp3Δpig1 and Δhox7 null mutants in 236 either Δku70 (a mutant of Guy11 lacking the non-homologous DNA end-joining pathway, that facilitates 237 efficient homologous recombination to create null mutants 6 or Guy11 ( Supplementary Fig. 10 ). We 238 decided to generate a double mutant for RPP3 and PIG1 genes because both genes are regulators of 239 melanin biosynthesis with likely overlapping functions ( Supplementary Fig. 10 ). We inoculated 21-day 240 old seedlings of the blast-susceptible rice cultivar CO-39 with conidial suspensions of each mutant and 241 quantified disease symptoms after 5 days ( Fig. 4g-h ; Supplementary Fig. 11 ). Guy11 and Dku70 were 242 able to cause plant infection as expected but by contrast, the Δhox7 mutant was non-pathogenic ( Fig.   243 4g), while both the Δrpp3 and Δrpp3Δpig1 mutants were significantly reduced in their ability to cause 244 disease. Conversely, the ΔaclR mutant showed a slight increase in the number of rice blast lesions 245 compared to the wild type ( Fig. 4g-h ).
246
The Hox7 homeobox transcription factor is directly regulated by the Pmk1 MAP kinase. To see 247 if the loss of rice blast symptoms in Clade 4 transcription factor mutants was due to impairment in 248 appressorium development, we tested if mutant strains could develop appressoria after 24h on HP 249 surfaces ( Supplementary Fig. 11 ). All the mutants developed appressoria indistinguishable from Guy11, 250 except Δhox7 mutants which developed immature non-melanised appressoria that re-germinated to 251 produce hypha-like structures ( Fig. 5a-b ). Because loss of Hox7 affected appressorium development,
252
we hypothesised that the transcription factor might act in a distinct manner compared to Mst12 and the 5c. To understand the hierarchy of genetic control between Pmk1, Mst12 and Hox7, we determined 261 overlapping gene sets of differentially regulated genes between Δhox7, Δpmk1, and Δmst12 mutants, 262 compared to Guy11 (Fig. 5c ). Pmk1 and Hox7 share 1942 differentially expressed genes, while Mst12 263 and Hox7 share only 169 differentially expressed genes (Fig. 5c ). Our analysis revealed 709 genes 8 differentially expressed in Δpmk1, Δmst12 and Δhox7 mutants, which when plotted in a heatmap 265 revealed a very high level of similarity in the pattern of gene expression between Δpmk1 and Δhox7 266 mutants, in contrast to the transcriptional signature of the Δmst12 mutant ( Supplementary Fig. 12 ).
267
Hox7 may therefore act directly downstream of Pmk1 to regulate a strongly overlapping set of genes.
268
To test this idea, we first looked at expression of Clade 4 transcription factors (Table 3 ). When we 269 plotted a heatmap showing moderated log fold changes in expression of these transcription factor 270 genes, we confirmed that their pattern of gene expression was very similar in Δpmk1 and Δhox7 271 mutants (Fig. 5d ). We therefore widened our analysis to the 1942 genes differentially regulated by both 272 Pmk1 and Hox7, which revealed a strongly overlapping pattern of transcriptional regulation 273 ( Supplementary Fig. 12 ). Analysis of cellular processes regulated by both Pmk1 and Hox7 revealed the 274 RAM pathway, melanin biosynthesis, autophagy and cell cycle control ( Supplementary Fig. 12 ). To was altered in the Δhox7 mutant ( Fig. 5e ), as were autophagy-related genes (Fig. 5f ). To investigate 279 the potential role of Hox7 in cell cycle control and autophagic cell death, we therefore introduced a 280 Histone H1-RFP nuclear marker into Guy11 and the Δpmk1 mutant, and a H1-GFP marker into Δmst12 281 and Δhox7 mutants. We inoculated conidia on HP surfaces and monitored nuclear number over 24 h 282 ( Fig. 5g ). The Δhox7 mutant contained 4 or more nuclei by 24 h, resembling Δpmk1, whereas the 283 Δmst12 mutant resembled Guy11 with a single nucleus in the appressorium. Hox7 is therefore likely to 284 be required for cell cycle arrest that occurs following mitosis in the germ tube. Furthermore, this 285 experiment showed that conidia of both Δhox7 and Δpmk1 mutants did not collapse by 24h in the same 286 way as a Δmst12 mutant and the wild type Guy11. This is consistent with regulation of autophagy-287 related genes requiring both Pmk1 and Hox7 (Fig. 5f ). When considered together, these findings 
293
MAP kinase more precisely and, in particular, to understand its relationship with Hox7, we carried out 294 discovery phosphoproteomics. We carried out appressorium development assays in Dpmk1 and Dhox7 295 mutants and Guy11 at 6h on HP surfaces using identical conditions to our RNA-seq analysis.
296
Phosphoproteins were purified and analysed by tandem mass spectrometry. This revealed Pmk1-297 dependent phosphorylation of proteins associated with cell cycle control, including Dun1 and Far1, and 298 autophagy-related proteins, including Atg13 and Atg26, and components of the cAMP-dependent 299 protein kinase A pathway 30, 31 . Some of these processes are also dependent on the presence of Hox7 300 ( Fig. 6a ). We observed that Hox7 was phosphorylated at serine 158 ( Fig. 6a-b ) and therefore carried 301 out parallel reaction monitoring (PRM), which revealed that Pmk1-dependent phosphorylation of Hox7 302 occurs 2h after conidial germination (Fig. 6c ). We also tested whether Hox7 has the capacity to interact 303 with Pmk1 and Mst12 in vitro. We constructed bait vectors for Pmk1 and Mst12 and prey vectors for 304 9 Mst12 and Hox7 and tested their ability to interact in a yeast two hybrid experiment and found that Hox7 305 is able to interact weakly with Pmk1 and Mst12 (Fig. 6d ). Our RNA-seq data furthermore showed that 306 HOX7 is highly expressed in Guy11 and Δmst12 at 6h and 8h, respectively ( Supplementary Fig. 12 ).
307
Hox7 therefore functions at the point when an appressorium is formed, suggesting that Hox7 acts 308 downstream of Pmk1, perhaps as a repressor of hyphal-like growth once the appressorium develops 309 ( Fig. 6e ).
311

Discussion
312
Understanding how fungal pathogens are able to infect their host plants is critical if durable control 313 strategies are to be developed to control crop diseases 32 . The rice blast fungus has emerged as a 314 useful model system to study plant infection processes because of its relative experimental tractability 315 and, in particular, the generation of mutants unable to infect host plants 33, 34 . It has long been known, 316 for example, that the Pmk1 MAPK signalling pathway is essential for controlling appressorium 317 development 13 and many other determinants of plant infection have also been defined [33] [34] [35] .
318
Furthermore, transcriptional profile analysis has been used to define physiological processes involved 319 in rice blast infections, such as control of autophagy, lipid metabolism, and melanin biosynthesis 36 .
320
However, what has remained completely unknown is how the global changes in gene expression 321 essential for elaboration of an appressorium by M. oryzae are actually controlled.
322
In this study we have identified the global transcriptional signature associated with 323 appressorium development by the rice blast fungus in response to surface hydrophobicity, and then 324 used comparative transcriptome analysis using Dpmk1 and Δmst12 mutants, to define a set of Pmk1- 
332
Hox7 emerges from this study as a vital regulator of appressorium development. Hox7 was 333 previously reported to be necessary for plant infection 29 but its function was unknown. We have now 334 provided evidence that Hox7 is a direct target of Pmk1. Hox7, for example, contains a MAP kinase 335 phosphorylation motif and is phosphorylated at serine 158 in a Pmk1-dependent manner (Fig. 5 ).
336
Homeobox transcription factors regulate morphogenesis in many organisms, acting as both activators 337 or repressors of genes during multicellular development 37 . They were first described, for instance, as 346 It therefore appears likely that Hox7 is essential to trigger a G1 arrest in the appressorial nucleus 347 following the initial round of mitosis in the germ tube after conidial germination 7,19 . This may be 348 necessary to repress hyphal-like growth and to trigger conidial cell death, but the mechanism by which 349 this occurs and the precise interplay with the initiation of autophagy in the conidium requires further 
361
The role of Mst12, which has long been known to be required for plant infection 49 , has also 362 been more clearly defined by this study. We were able to show, for instance, that Mst12 regulates 363 appressorium maturation by controlling expression of more than 2000 genes and an additional 53 364 transcription factors, highlighting the complexity of appressorium maturation and processes involved in 
372
In summary, we have provided evidence that Pmk1 MAPK acts as a global regulator of 
384
J. Talbot (The Sainsbury Laboratory). Fungal strains were routinely incubated at 26°C with a 12 h 385 photoperiod. Fungal strains were grown on complete medium (CM) 1 . Rice infections were performed 386 using a blast-susceptible rice (Oryza sativa) cultivar, CO-39 50 . For plant infections, conidial 387 suspensions (5 x10 4 conidia ml -1 in 0.1% gelatin) were spray inoculation onto 3 week-old seedlings and 388 incubated for 5 days in a controlled environment chamber at 24 °C with a 12 h photoperiod and 90 % 389 relative humidity. Disease lesion density was recorded 5 days post-inoculation, as described previously 390 (Talbot et al., 1993) . 
392
Generation of GFP fusion plasmids and strains expressing GFP and RFP fusions
403
Generation of M.oryzae targeted gene deletion mutants
404
Targeted gene replacement mutants of M. oryzae (Talbot et al., 1993) were generated using the split 405 marker technique, described previously (Kershaw and Talbot, 2009 ). Gene-specific split marker 406 constructs were amplified using primers in Supplementary Table 1 and fused with bialophos (BASTA) 407 resistance cassette or hygromycin resistant cassette transformed either into Guy11 or ∆ku70.
408
Transformants were selected on glufosinate (30 μg ml -1 ) or hygromycin (200 μg ml -1 ) and assessed by 409 Southern Blot analysis to verify complete deletion of each gene.
411
In vitro appressorium development assays and live cell imaging 
417
Epifluorescence and differential interference contrast (DIC) microscopy was carried out using the IX81 418 motorized inverted microscope (Olympus, Hamburg, Germany) and images were captured using a 419 Photometrics CoolSNAP HQ2 camera (Roper Scientific, Germany). The system was under the control 12 14 temperature set to 275 °C. The Orbitrap mass spectrometry scan resolution of 120,000 at 400 m/z, 501 range 300-1,800 m/z was used, and automatic gain control was set to 2x10 5 and the maximum inject 502 time to 50 ms. In the linear ion trap, MS/MS spectra were triggered using a data-dependent acquisition 503 method, with 'top speed' and 'most intense ion' settings. The selected precursor ions were fragmented 504 sequentially in both the ion trap using collision-induced dissociation (CID) and in the higher-energy 505 collisional dissociation (HCD) cell. Dynamic exclusion was set to 15 sec. The charge state allowed 506 between 2+ and 7+ charge states to be selected for MS/MS fragmentation.
507
Peak lists in format of Mascot generic files (.mgf files) were prepared from raw data using MSConvert 
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regulated genes (red) (padj< 0.01, mod_lfc >1) and down-regulated genes (blue) (padj< 0.01, mod_lfc 576 < -1) of Guy11 in response to incubation on HP or HL surfaces between 2h and 24h. c. Bar charts to 577 show number of up-regulated genes (red) (padj< 0.01, mod_lfc >1) and down-regulated genes (blue) 578 (padj< 0.01, mod_lfc < -1) in a ∆pmk1 mutant compared Guy11 following incubation on HP surface from 579 0h -24h. d. Venn diagram illustrating overlapping sets of genes showing at least 2-fold differential 580 expression in at least two time points (padj<0.01, mod_lfc>1 or mod_lfc<-1) in Guy11 in response to 581 incubation on HP or HL surfaces, or between the ∆pmk1 mutant compared to Guy11 on HP surface.
582
Three distinct populations of genes could be identified, as HP-surface responsive (blue), HP-response 583 and Pmk1-dependent (green), or Pmk1-dependent only (yellow). 
